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Introduction
As increased antibiotic resistance is being observed in clinical settings, bacterial infections are becoming a crisis-level global health burden. Host barriers to infection can be protective against dangerous infections in the absence of antibiotics, and new discoveries about the mechanisms of host protection might pave the way for new therapeutics to treat disease. Host barriers to infection can be physical (e.g. an exoskeleton or epidermal layer), or chemical (e.g. shed-able mucosa that adhere to pathogens) and genetic (e.g. innate and/or adaptive immunity).
One particularly effective mechanism of host protection is the production of reactive oxygen species (ROS), e.g. superoxide (O2 -) which can be converted to H2O2 [1] . Over the past 15-20 years H2O2 has emerged as a critical signaling molecule in several contexts, including infection and wound repair [2] [3] [4] . In the vertebrate innate immune response, the enzymes NADPH oxidase and superoxide dismutase (SOD) convert O2 to O2 -and H2O2 [5, 6] . H2O2 can be produced intracellularly and exported via aquaporin channels or produced in the extracellular space of cells responding to bacterial infection.
Because ROS can also be self-destructive, it is no surprise that the production of ROS is tightly regulated in response to pathogens [7] . However, the identities of infection-dependent signals and regulatory responses that lead to ROS production remain incomplete.
Many discoveries about the role of ROS and other innate immune responses in organismal defenses to pathogens have come from genetically-tractable model systems where infection can be presented in a controlled manner. For example, the nematode Caenorhabditis elegans has served as an excellent system to understand the mechanisms that underlie organismal responses to pathogens and wounding [8] [9] [10] . Portions of the ROS production pathways are largely conserved in C. elegans and vertebrate animals, including humans. For example itr-1, the inositol trisphosphate receptor is required for intracellular calcium release in response to infection [1] , an aquaporin, aqp-1, is required for the full anti-pathogen response [11] , and a dual oxidase/peroxidase, bli-3 and a secreted peroxidase, skpo-1, are important for the defense against pathogens [12, 13] . Importantly, these pathways are simplified in C. elegans with minimal redundancy. Taken together, the evolutionary conservation of organismal response to infection indicates that we can use C. elegans to better understand vertebrate response to bacterial pathogens.
This study is focused on PBO-1, a protein we find to be key in the response to pathogen infection. PBO-1 was first identified because of its contribution to the posterior body contraction (Pbo) phenotype [14] . PBO-1 is an EF-hand protein orthologous to human CHP1 (Calcineurin B homologous protein 1, also called P22) [15] . It is thought that PBO-1 links the release of intracellular calcium to the activity and/or trafficking of Na + /H + -exchangers (NHE or NHX), including NHX-2, NHX-6 and PBO-4 (also known as NHX-7) [16] . In C. elegans, PBO-4 is required for the release of protons from the basolateral membrane of the intestinal cell onto adjacent muscles, where they activate the proton-gated ion channel, .
In this study, we show that PBO-1 loss-of-function mutations fail to undergo oscillatory pH fluctuations in the intestine and have an intestinal pH that is more acidic than wild-type animals.
Surprisingly, pbo-1 mutants are more susceptible to pathogens than wild-type animals and show decreased production of ROS during infection. Our results also show that pathogen infections alter the intestinal pH in C. elegans, and that this regulation is at least partially dependent on PBO-1. We can suppress the acidic phenotype and pathogen susceptibility by removing PBO-4 from pbo-1 mutant animals or by adding pH-neutralizing sodium bicarbonate to the C. elegans growth medium. Overall, we propose a model whereby infection by pathogens initiates a neutralization of the normally acidic pH in the intestine, which enables increased levels of ROS production to fight the pathogen.
Results

pbo-1 mutants have an abrogated pH wave in the intestine
Previously we developed a pH-responsive dye, KR35, and used it to monitor pH changes in the intestine of C. elegans [18] . KR35 is activated by acid in a range that is physiologically relevant to the C.
elegans intestine, which maintains a pH gradient from anterior to posterior of ~5.5-3.5 [19] . When we feed wild-type (N2) animals KR35 we observe fluorescence in the posterior of the C. elegans intestine, indicating acidity in this region. We also observe a dynamic change in pH or an 'acidic wave', with a periodicity of ~50 seconds ( [16, 17] . Using KR35 we previously showed that animals with mutations in pbo-4 fail to produce the MAT during pH oscillations, although other aspects of the acidic wave were grossly normal such as the acidification of the posterior intestine prior to the MAT [18] . (Fig. 1) . pbo-1; pbo-4 double mutants were not identical to the pbo-4 single mutants, and these differences likely come from the function of other NHX proteins in the intestine [16] , which are likely to be regulated by PBO-1.
pbo-1 mutants are more susceptible to pathogens
Our results with KR35 support the conclusion that defects in the dynamic acidic wave can lead to the Pbo phenotype, and not the other way around. We hypothesized that the acidic wave may have other physiological consequences to the animals. For example, low intestinal pH could function to kill pathogens that entered the alimentary canal during feeding or begin digestion of food deposited in the intestine, analogous to the function of low pH in the stomach of vertebrates. In other words, perhaps the animals create a temporary region of very low pH to kill pathogens. To test this notion, we fed wild type and pbo-1 mutants the opportunistic pathogen Enterococcus faecalis (Fig. 2) . Similar to previous studies [13, 22] , we found that 50 % of wild-type animals fed E. faecalis on nematode growth media (NGM) were killed with a median survival (LT50) of 9 ± 3 days, post infection. By contrast, 50% of pbo-1 mutants were killed after an average of 4 ± 1 days of E. faecalis feeding, which was significantly shorter than the wild-type animals (p<0.005). Exposing wild-type C. elegans to RNAi pbo-1 prior to E.
faecalis infection also increased susceptibility to E. faecalis (Fig. S1 ). These results indicate that pbo-1 mutants are more susceptible to killing by E. faecalis than the wild type. Because the pbo-1 mutant causes defects in muscle contraction and defecation, which might slow pathogen clearance, we also tested pbo-4 mutants. pbo-4 mutants were not significantly more susceptible than wild type animals with 50 % killed on average 7 ± 2 days by E. faecalis. To determine if the increased pathogen sensitivity of pbo-1 mutants is due to a general defect in lifespan, we grew animals on nonpathogenic E. coli. The lifespan of wild type, pbo-1 and pbo-4 C. elegans mutants were similar (median survival was 12-13 days on average) (Fig. 2D) . Together, the results show that the pbo-1 mutant is more sensitive to killing by E. faecalis than the wild type, and that this sensitivity is not due to differences in longevity and cannot be entirely explained by defects in posterior body contractions during defecation.
To determine if the increased susceptibility of pbo-1 mutants was limited to E. faecalis, we tested susceptibility of the pbo-1 mutant to two other known C. elegans pathogens, Pseudomonas aeruginosa and Staphylococcus aureus. In each case, loss of function in pbo-1 was associated with increased susceptibility as observed for E. faecalis (Fig. 2 ). For both P. aeruginosa and S. aureus, survival of the pbo-4 mutant was not statistically different than wild type (Fig. 2) . These results indicate that animals lacking pbo-1 were more susceptible than wild type to a wide class of pathogens. Together, the results suggest pbo-1 might be functioning as part of the innate immune system, responsible for protecting the animal from such pathogens.
Bicarbonate treatment reverses pbo-1 susceptibility
Our results indicate pbo-1 is important for regulating intestinal pH in C. elegans, consistent with studies reported on the pbo-1 homolog in vertebrates, including humans [23, 24] . To more directly test whether the abnormally acidic intestinal pH contributes to pathogen susceptibility of the pbo-1 mutant we carried out infections on plates containing sodium bicarbonate (25 mM, pH = 7). This buffer was chosen because chyme, the acidic and partially digested fluid that leaves the stomach of vertebrates, is buffered by the secretion of bile acids from the gall bladder and bicarbonate from the pancreas as it is transported to the small intestine, and bicarbonate is a physiologic buffer for acid in the alimentary canal.
We found that pbo-1 mutants treated with bicarbonate during E. faecalis exposure were less susceptible to killing by the pathogen (median survival was 10 ± 2 on 25 mM bicarbonate, compared with 5 ± 1 days with no bicarbonate) (Fig. 3) . Treatment with bicarbonate did not provide wild type or pbo-4 mutants any additional resistance to E. faecalis. Thus, we concluded that the increased susceptibility to pathogens was, at least partially, due to the increased acidity of the alimentary canal of pbo-1 animals.
Because intestinal acidity is linked to pathogen susceptibility, and because removing PBO-4 from pbo-1 mutants reduced the observed acidity of the alimentary canal ( Fig. 1) , we tested the susceptibility of pbo-1; pbo-4 double mutants to E. faecalis. These animals were more resistant than the pbo-1 single mutant, similar to the pbo-4 single mutant (Fig. S2) . Together, our results show that either chemically or genetically reducing acidity in pbo-1 mutants resulted in increased survival when challenged with pathogens.
Exposure to E. faecalis affects the pH in the intestine
The ability of bicarbonate treatment to suppress pathogen susceptibility in the pbo-1 mutant suggested that modulation of intestinal pH might be part of the normal response to pathogens. To test this idea, we compared intestinal acidity of the wild-type C. elegans fed nonpathogenic E. coli (strain OP50) or a pathogen, either E. faecalis or P. aeruginosa, using the KR35 dye. We found that animals fed OP50 had the expected dynamic pH wave, with a normal periodicity of ~50 seconds. In contrast, KR35 fluorescence was reduced in animals fed E. faecalis or P. aeruginosa, indicating the intestinal pH was more neutral in pathogen-fed animals (Fig. 4 , Supp. Videos 4 and 5). This suggests that part of the normal response to infection is to neutralize the intestinal pH.
We subsequently tested whether pathogen exposure induced pH changes in pbo-1 mutants. Similar to wild-type animals, the KR35 fluorescence intensity was reduced in pbo-1 mutants fed pathogens when compared to E. coli-fed mutants. However, in contrast to wild-type animals, pbo-1 mutant intestinal pH remained acidic on pathogens (Fig. 4) , and no pH oscillations were observed (Supp.
Videos 6 and 7). Thus PBO-1 is needed to completely neutralize intestinal pH in response to pathogens, but other factors are likely to also be involved in this response.
pbo-1 mutants exhibit reduced H2O2 in response to E. faecalis
Work from the Ausbel and Garsin labs have shaped our understanding of the molecular events of pathogenesis, and specifically how E. faecalis and C. elegans interact during infection. Briefly, recent work has identified that infection of C. elegans results in the production of H2O2 as part of the innate immune system [12] . The BLI-3/Duox and SKPO-1 proteins appear to function in the extracellular space of the intestine to produce H2O2 and, perhaps convert the H2O2 into bactericidal compounds.
Members of the peroxidase family of enzymes have been established to have pH-dependent activity [25, 26] . Thus, we hypothesized that pbo-1 or infection-dependent changes in pH might regulate the production of H2O2.
The Amplex Red assay (see Materials and Methods) can report on the amounts of H2O2 produced in response to infection. We used this method to quantify H2O2 produced by wild-type and pbo-1 mutant animals infected with E. faecalis or an E. coli control. Consistent with previous results [12] , the fluorescent product of the Amplex Red assay was increased in animals infected with E. faecalis, as compared with E. coli-infected animals (Fig. 5A ). However, in the E. faecalis-infected animals, the fluorescent product was reduced in pbo-1 mutants compared with wild type (Fig. 5A) . The fluorescent product was similarly reduced in infected animals exposed to RNAi pbo-1 (Fig. S3 ). Because bacteria can produce H2O2 in addition to C. elegans, to show that the changes in H2O2 were due to the worm,
and not E. faecalis, we used an E. faecalis strain deficient for production of H2O2 (menB mutant). As previously reported, animals fed the E. faecalis menB mutant had levels of Amplex Red fluorescent product that were similar to that of wild-type E. faecalis-fed animals (Fig. S4) . These results support that pbo-1 mutants are defective for production of H2O2. and are consistent with the idea that defects in production of H2O2 in pbo-1 mutants can account for the increased susceptibility to pathogens.
To test whether H2O2 production is regulated by changes in pH, we neutralized the intestinal pH of pbo-1 mutant animals with bicarbonate during infection, then used the Amplex Red assay to quantify H2O2. Our results showed that the fluorescent product in bicarbonate-treated pbo-1 mutants was not statistically different from that of wild type (Fig. 5B) . Thus, bicarbonate reverts the defect in H2O2 production in pbo-1 mutants. These results support the conclusion that the reduction of H2O2 production in the pbo-1 mutant is pH dependent.
Because pbo-4 mutants have an opposite effect on pH in the intestine from that of pbo-1 mutants,
we also tested pbo-4 mutant for Amplex Red activity. Interestingly, the pbo-4 mutant showed an intermediate Amplex Red phenotype between the wild type and the pbo-1 mutant (Fig. 5A) . Although pbo-4 mutants have less acidic pH than wild type, it is possible that defects in MAT and the acidic wave in the pbo-4 mutant might cause pH-dependent effects on the enzymes that produce H2O2 similar to, but not as severe as, the pbo-1 mutant. It is of note that pbo-4 mutants were slightly, though not statistically, more susceptible to pathogens than wild type (Fig. 2) , consistent with the idea that pathogen susceptibility and H2O2 production are correlated. Together, the results support the idea that a normally functioning MAT and acidic wave are important for C. elegans to defend against pathogens via production of H2O2.
Discussion
We are interested in characterizing the dynamics of changes in acidity of the C. elegans intestine and understanding how these changes impact worm physiology. To characterize intestinal acidity, we previously developed the acid-activated fluorophore KR35 [18] , which affords an advantage over other pH-sensitive dyes, e.g. Oregon Green, that become non-fluorescent under acidic conditions. KR35 has provided a unique view into the dynamic pH changes that occur in the C. elegans intestine when animals are maintained on non-pathogenic E. coli [18] . A major finding of the current study is that when we used KR35 to characterize the intestinal pH of animals grown on pathogens, we discovered that the intestine became more alkaline along the length of the lumen, suggesting changes in pH are part of the normal response to infection.
This begs the question as to whether changing the pH is a by-product of the stress response to pathogens or is a critical function itself of fighting pathogens. We addressed this question using a mutant disrupted in the EF-hand protein, PBO-1. PBO-1 is a critical regulator of ion channels that contribute to the pH of the intestine. Our finding that pbo-1 mutants are more acidic than wild type in the anterior region of the intestine (Fig. 1) , and that pbo-1 mutants are also more susceptible to pathogens (Fig. 2) supports the idea that regulation of pH in the intestine is an important component of pathogen defense. Critically, exposing pbo-1 mutants to bicarbonate, which neutralizes intestinal pH, reverted susceptibility (Fig. 3) . Although PBO-1 is also involved in defecation [14] , the wild-type susceptibly of pbo-4 mutants (also defecation defective) and pbo-1, pbo-4 double mutants suggested that normal defecation was not required for the animal to respond and clear the pathogen (Fig. 2) . These results support the idea that intestinal pH is linked to anti-pathogen activity, independent of its role in defecation.
The pH of extracellular spaces has been shown in other contexts to be important for fighting pathogens. In a porcine CF model, the airway surface liquid (ASL) is more acidic than normal animals, and the ASL shows reduced killing of bacterial pathogens [27, 28] . In that model, the authors show that they can also use bicarbonate to simply, and rapidly, restore the antibacterial properties of the ASL [28] . The antimicrobial activity was proposed to be due to pH-modulated antimicrobial peptides (AMPs). We further found that in C. elegans with acidic intestines (pbo-1 mutant), pH modulated the production of hydrogen peroxide (H2O2) (Fig. 5) . H2O2 has been shown to be an important signaling molecule in physiological contexts such as wound healing and infection. It may be involved in reporting on the presence of pathogens or in the formation of bactericidal agents that kill microbial invaders. Whether this represents increased production or stability remains an open question.
Together, these results support that pH modulation of innate immune responses might be conserved across animal classes and systems.
pH also modulates other immune functions. In in vitro studies, pH affects the activity of dendritic cells [29] , neutrophils [30] [31] [32] , and the complement system [33] . In patients, lower pH is often associated with reduced immune function [34] , and reduced production of bicarbonate is linked with high inflammation [35] . We have shown that in C. elegans, regulation of pH appears to be tied to proteins are conserved in mammalian cells [15, 16] and it will be interesting to determine whether these proteins have a similar role in regulating pH and immune function in higher species.
Materials and Methods
Strains and culture conditions. C. elegans and bacterial strains used in this study are listed in Table   1 . All C. elegans strains were maintained on nematode growth medium (NGM) at 20°C as previously described [36] ) unless otherwise noted. The reference strain for all alleles used and generated was N2
(var. Bristol). All bacterial strains were grown at 37ºC. E. coli and P. aeruginosa bacterial strains were grown in low-salt Luria Bertani medium (10 g Bacto-tryptone, 5 g yeast extract, 5 g NaCl), and E.
faecalis and S. aureus were grown on Brain Heart Infusion, Porcine (BHI, from BD). For E. faecalis, broth cultures were incubated without shaking. All other bacterial strains were grown with shaking.
For selection and expression of RNAi clones, ampicillin (50 μg/mL), tetracycline (15 μg/mL) and isopropyl β-D-1-thiogalactopyranoside (IPTG) (1 mM) were added to the growth medium.
C. elegans survival and longevity assays. For survival assays, NGM plates were spread with 10 μL stationary-phase bacteria (E. faecalis, S. aureus, or P. aeruginosa grown to an optical density at 600 nm
[OD600] ~1), and the plates were incubated overnight at 37 °C. Plates were acclimated to room temperature for ~1 hour prior to seeding the plates with C. elegans (10 late larval (L4) staged worms per plate). Worms were scored for survival each day and transferred to new NGM plates with bacterial lawns every two days. Where indicated in the text, NGM was supplemented with 25 mM sodium bicarbonate buffer (pH 7). Longevity assays on E. coli were conducted as described for survival assays, except NGM plates were spread with 40 μL E. coli OP50 and incubated overnight at 20 °C prior to seeding with C. elegans. Results are the averages of at least four independent experiments performed on two separate days. Error bars represent standard deviation. H2O2 production is not statistically different between WT and menB for both N2 or pbo-1 C. elegans (p>0.1). Relative mortality ** E. faecalis OG1RF Derived from clinical strain OG1; carries [7] spontaneous mutations to rifampicin and fusidic acid resistance P. aeruginosa PA14 Clinical isolate from a human burn patient [8] S. aureus Newman Early methicillin sensitive isolate from [9] secondary infection in a patient with tubercular osteomyelitis (Sm sensitive)
